The motor domain from the myosin II of the slime mold Dictyostelium discoideum crystallizes as a complex with a variety of bound nucleotides, many of which diffract to high resolution (reviewed in Gulick and Rayment, 1997 (Rayment, 1996) . Rayment has both with a transition state analog (MgADP·AlF 4 Ϫ ) in not modeled the lever arm onto these truncated structhe active site, have been determined to 2.9 Å and 3.5 tures to predict an angular change, since there is disor-Å resolution, respectively. The MDE structure with an der in the region of the converter and the effect of the ATP analog (MgADP·BeF x ) was also determined to 3.6 ELC on the converter position has not been established. Å resolution. In all three structures, a domain of the Moreover, the motor domain structure of nucleotide-C-terminal region, the "converter," is rotated ‫؇07ف‬
Introduction
has proposed an alternative explanation of the same results based on modeling the skeletal muscle Visualization of the unusual domain structure of the head lever arm onto the Dictyostelium MD structures. He (subfragment 1, or S1) of chicken striated myosin II by agrees with Rayment that the conformation of Dictyo-X-ray crystallography (Rayment et al., 1993a) provided stelium MD with transition state analogs (MgADP·VO 4 the framework for a model of how movement in muscle and MgADP·AlF 4 Ϫ ) corresponds to the beginning of the could be achieved. The head consists of a globular mopower stroke, but then further proposes that the nucleotor domain (MD) containing the ATP-and actin-binding tide-free skeletal S1 and the Dictyostelium MD-BeF x sites and an extended ‫58ف(‬ Å long) ␣-helical carboxystructures correspond to strong-binding states at the terminal tail (the so-called "regulatory" domain or "neck") end of the power stroke (Holmes, 1997) . Current interto which the calmodulin-like essential (ELC) and regulapretations of the structural results are thus conflicting tory (RLC) light chains bind in tandem (Rayment et al., because the data are limited, and the conformational 1993a; Xie et al., 1994) . The tail region was pictured changes in the myosin head accompanying actin bindas a "lever arm," which amplifies small conformational ing have not yet been established. changes in the MD induced by different nucleotide Vertebrate smooth muscle myosin is especially suited states into the larger motions by which myosin moves to pursue additional structural studies, since milligram actin. Cryo-electron microscopy of actin decorated with amounts of homogeneous proteins can be expressed vertebrate smooth muscle S1 provided the first direct in the baculovirus/insect cell system (Trybus, 1994) . Moreevidence for this mechanism: upon release of ADP, the over, this myosin displays unique mechanical properlever arm domain rotates from its rigor position by as ties: it has slow shortening velocity and high average much as 30-35 Å (Whittaker et al., 1995) . Structural eviforce production. Here we report the crystal structures dence for the conformation of the lever arm at the beginof an expressed chicken smooth muscle MD with bound ning of the power stroke has not yet been obtained.
MgADP·AlF 4 Ϫ , as well as an MD-essential light chain construct (MDE) with two different nucleotide analogs † To whom correspondence should be addressed. The stereo diagram shows a superimposition of C␣ atoms (see Experimental Procedures): chicken smooth MD-AlF4 Ϫ in red and white and Dictyostelium MD-VO 4 in black. Labels indicate key regions in the MD described in Results and subsequent figures. Note that the two chains are almost indistinguishable everywhere but diverge in two regions: the N-terminal SH3 domain (defined as residues Lys33 to Met78 in the smooth muscle myosin sequence, although in this structure the chain is visible only from Leu34), and part of the C-terminal converter (white) starting at residue Gly720. The density in the MD-AlF 4 Ϫ structure is not continuous in some solvent-exposed regions. The structure depicted here includes amino acids Leu34 to Ile49, Glu56 to Ser199, Gly218 to Glu370, Gln375 to Pro405, Lys416 to Asp451, Ala458 to Cys545, Ala550 to Ser572, Lys578 to Lys626, and Arg657 to Asp789, the rest of the chain being disordered.
region, but the global conformation of the MD is unafal. 1995b; Smith and Rayment 1996a) (Figure 1 ). These isoforms share about 46% sequence identity, as does fected. Based on the position of the lever arm in the smooth MDE-nucleotide complexes, we have estimated the comparable region in chicken striated myosin. There is considerable disorder in the C-terminal region of that a substantial movement of the lever arm must take place to attain the position seen in nucleotide-free S1.
the Dictyostelium MD-AlF4 Ϫ structure, so our comparisons will focus on the Dictyostelium MD with bound In contrast to the results obtained with Dictyostelium MD (Fisher et al., 1995b) , the structure of the smooth MgADP·VO4 (MD-VO4) structure, which is somewhat better defined in this region. The rms deviation between muscle MDE with an ATP analog (MgADP·BeFx) bound to the active site is almost identical to that obtained the smooth MD-AlF 4 Ϫ and this structure is 0.95 Å for 595 equivalent C ␣ atoms (calculated as described in with a transition state analog (MgADP·AlF 4 Ϫ ). Thus, we find that the myosin-nucleotide complexes that bind Experimental Procedures). The smooth MD structure has a number of breaks in the chain trace, corresponding weakly to actin adopt the same conformation. This result also suggests that MgATP binding, and not hydrolysis, to certain loop regions (see Figure 1 legend), and it shows greater disorder in the N-terminal region (includmay cause the lever arm to adopt the pre-power stroke conformation.
ing the SH3 domain) than that of the Dictyostelium MD. In both structures, the residues in the so-called SH1-SH2 region containing the reactive thiols form two consecuResults tive ␣ helices kinked at Gly709, so that cross-linking of the two SH groups that occur in chicken skeletal S1 in Structure of the Motor Domain with MgADP·AlF4 Ϫ in the Active Site solution in the presence of ADP (Huston et al., 1988) cannot take place. The actin-binding cleft is also partially The X-ray structure of an expressed chicken smooth muscle motor domain with the transition state analog closed in both structures, in contrast to the more open cleft observed in nucleotide-free skeletal S1 (Rayment MgADP·AlF 4 Ϫ at the active site (MD-AlF 4 Ϫ ) has been determined to 2.9 Å resolution. The current model repreet al., 1993a) and Dictyostelium MD-BeF x (Fisher et al., 1995b) . Despite the lower resolution of the smooth mussents an average of the six independent copies of the molecule in the asymmetric unit (see Experimental Procle MD-AlF 4 Ϫ structure, it appears that the nucleotidebinding site and the catalytic machinery are very similar cedures and Table 1 ). The molecule displays an overall topology that is very similar to that of the Dictyostelium to that seen in the Dictyostelium structures (Figure 2 ). All the residues that were found to interact with the MD with bound MgADP·VO 4 or MgADP·AlF 4 Ϫ (Fisher et atom, an aluminum/beryllium fluoride group, and two water molecules that are invariably observed in the higher resolution structures of the Dictyostelium myosin motor domain with bound substrate analogs. c R factor ϭ ⌺hkl | | F obs |Ϫ| F calc | | /⌺ hkl | F obs |, where F calc and F obs are respectively the calculated and observed structure factor amplitudes for reflection hkl. d R free is the same as R factor , but calculated over a 5% fraction of the reflection data that was randomly selected and not included in the refinement until the final step. e Program PROCHECK (Laskowski et al., 1993) . f Calculated with the Rfree reflections (instead of data included in the refinement) (Kleywegt and Brü nger, 1996). nucleotide in the Dictyostelium structures are conserved residue Phe776, which marks the beginning of the C-terminal ␣ helix of the heavy chain that extends into in the chicken smooth muscle MD and occupy almost identical positions. Thus, differences in activity between the lever arm (Figures 1 and 3 ). Note that in the converter, residues Phe721-Arg777 form a rather separate comthese isoforms are unlikely to arise from changes in the active site. pact domain. In contrast to the Dictyostelium MD-VO4 structure, the converter region displays well-defined Two regions of the Dictyostelium MD-VO 4 and the smooth MD-AlF 4 Ϫ structures differ ( Figure 1) ; both have electron density in the smooth MD-AlF 4 Ϫ structure. Its overall orientation, while similar to that of the Dictyostepotential interactions with the ELC. One is the N-terminal region, including residues Leu34 to Met78, which folds lium MD transition state structures, is shifted as a rigid body by ‫01ف‬Њ starting from about residue Gly720 (Figure into a separate six-stranded antiparallel ␤-barrel motif. This motif, which is lacking in some unconventional my-1). The orientation of the converter (starting from the hinge at Gly709) in the smooth and Dictyostelium MD osins (Cope et al., 1996) , has been termed the myosin SH3 domain because of its structural similarity to the constructs with bound transition state analogs is very different from that in nucleotide-free skeletal S1 (Figure Src-homology 3 domain in spectrin (Rayment et al., 1993a) . Differences in the precise positioning of the 3) (discussed below). These results suggest that, independent of myosin isoform, the MD with a transition N-terminal region are of two types: rigid body motions of the entire region approaching 10 Å , and differences state analog in the active site adopts this characteristic orientation of the converter. in the relative orientation of some of the ␤ strands within the SH3 domain.
The second region that differs in these two MD strucStructure of a Motor Domain-Essential Light Chain Complex with MgADP·AlF 4 Ϫ in the Active Site tures is the C-terminal portion that has been termed the "converter" (Houdusse and Cohen, 1996; Holmes, 1997) In order to visualize the orientation of the lever arm as well as to determine whether the presence of the ELC because of its key role in the communication between the active site and the lever arm. In our view, this region affects the conformation of the MD, a longer construct of the smooth muscle heavy chain (residues 1-819) that may be thought of as encompassing residue Gly709 (the so-called hinge residue in the SH1-SH2 region) to binds the ELC (MDE) was expressed and crystallized The electron density associated with the smooth MD-AlF4 Ϫ structure is shown in black. The superimposition highlights the similarity between the active sites of these two MD-transition state analog complexes from different myosin isoforms. The density map was calculated with coefficients F obsexp(i␣ave) where the phases ␣ave result from 6-fold density averaging with the program DM (Cowtan, 1994) . The nucleotide, as well as all the residues having at least one atom within 5.0 Å from the nucleotide ␥-phosphate, were omitted from the initial phase calculation. The map is contoured at 1.2 and was calculated using all diffraction data between 10.0 Å and 2.9 Å resolution. Table 1 ). The 4-fold averaged electron density map corresponding to the The most significant difference between the MD-AlF 4 Ϫ and MDE-AlF 4 Ϫ structures occurs in the C-terminal do-MDE-AlF 4 Ϫ structure displays continuous density for most of the polypeptide chain, as well as side chains, main, starting from residue Gly720 in the converter region ( Figure 4 ). In the MD-AlF4 Ϫ complex, the part of the and is complete except for three solvent-exposed loops (see Figure 4 legend). Overall, the MDE-AlF4 Ϫ structure converter that forms a compact domain is rotated as a rigid body by about 10Њ with respect to its position in superimposes well with that of the smooth MD-AlF4 Ϫ , with an rms deviation of 0.95 Å for 640 equivalent C ␣ the MDE-AlF4 Ϫ structure. (Note that in both structures, this domain is located very differently from its position positions ( Figure 4 ). The first 33 N-terminal amino acids, which were disordered in the MD-AlF 4 Ϫ structure, are in nucleotide-free skeletal S1.) If the converter in the MDE structure had not moved from its position in the visible in the MDE-AlF 4 Ϫ structure. They fold somewhat differently than the comparable region of skeletal S1 or MD structure, there would be steric hindrance between the ELC and the MD. This observation suggests that Dictyostelium MD. For example, residues Pro23 to Ala31 of the chicken smooth MDE-AlF 4 Ϫ form a short ␣-helical coupling interactions between the ELC and the MD (Figure 5 ) determine the precise orientation of both the lever structure, while the corresponding ␣ helix in skeletal S1 is shifted by five residues toward the N terminus. Since arm and the converter domain. Other possible factors contributing to the structural differences between the the N-terminal amino acids of these three myosins show little sequence similarity, it is likely that differences in MD and MDE complexes-such as the different ionic strengths in the crystallization buffers of these comconformation are a consequence of sequence differences, although in skeletal S1, this portion of the chain plexes or differences in crystal packing-seem unlikely to be of significance. There are six and four independent also has contacts with the ELC. No significant difference is observed in the positioning of the well-defined regions molecules, respectively, in the asymmetric units in the crystals of these complexes. These non-symmetryin the SH3 domains of the MDE-AlF4
Ϫ and MD-AlF4 Ϫ structures. The active sites are also very similar in both related molecules adopt almost identical orientations of the C-terminal domains in their respective crystals, complexes and hence are similar to the active site of Dictyostelium MD-VO 4 . In particular, the orientation of indicating that different environments do not modify their conformations. the polypeptide chain at the switch II region of the active site (Smith and Rayment, 1996b ) is the same in all three
The overall arrangement of the ELC and the heavy chain helix to which it is bound is quite similar in the transition state analog complexes, resulting in a partially
The C-terminal lobe of the ELC (amino acids Phe85-Gly150) is located adjacent to the motor domain (Figures 4 and 5) . Residues Asp96 to Ile138 of the ELC (which includes the F and G helices) are in contact with the following loop segments from the motor domain: Met140 to His147, Ser163 to Asp170, Ala198 to Lys204, and Phe256 to Tyr261 ( Figure 5 ). In particular, the G helix of the ELC, which has a number of negatively charged residues (Glu121, Glu122, Glu123, and Glu125), is in contact with the 25/50 kDa loop of the motor domain that is mainly positively charged (Lys202, Lys204, and Lys205). The extent of these interactions cannot be described in detail, since part of the loop is disordered. This loop, located at the entrance to the nucleotidebinding pocket, is one of the most variable regions in the myosin superfamily; differences in its length and sequence have been shown to influence myosin ATPase activity and motility (Spudich, 1994; Perreault-Micale et al., 1996; Rovner et al., 1997) .
Movement of the Lever Arm
In the MDE-AlF 4 Ϫ structure, the entire region starting from around residue Gly709 and extending into the lever arm is rotated by about 70Њ from its location in skeletal S1 ( Figure 6 ; see also Figure 3 ). More precisely, this conformational change can be described as composed of two almost perpendicular rotations around two conserved glycine hinges that are located at each end of helix SH1 (so called because it carries the reactive SH1 group, which is Cys717 in the smooth sequence). A small rotation (‫01ف‬Њ) centered at residue Gly709 (Gly699 in pal axis of the SH1 helix and is centered at residue parts in nucleotide-free skeletal S1 (residues Gly699-Asp780 shown Gly720 (Gly710 in chicken striated myosin). This second in magenta). The hinge points between these two conformations rotation moves the converter domain and the lever arm are located around residues Gly709 and Gly720 at either end of the in a clockwise manner (looking down the SH1 helix axis SH1 ␣ helix. from the C to N terminus), from its position in the nucleotide-free chicken S1 to its position in the MDE transition structures of the smooth MDE-AlF 4 Ϫ and skeletal Sl state analog. Mutations of these two glycine residues (Rayment et al., 1993a) , but differs somewhat from the in Dictyostelium myosin II (Patterson et al., 1997) have isolated lever arm (or regulatory domain) of scallop musdramatic effects on the molecule's mechanochemical cle myosin (Houdusse and Cohen, 1996) . In the smooth cycle. Fluorescence changes at the so-called "probe-MDE-AlF 4 Ϫ crystal, there is some variability in the posibinding" cleft are also consistent with the pivoting of tioning of the N and C lobes of the ELC with respect to myosin at Gly709 (Burghardt et al., 1998) . one another in the four independent molecules of the This rotation results in a markedly different positioning asymmetric unit. Hence, the electron density correspondof the ELC in the smooth MDE-AlF 4 Ϫ structure, where ing to the N lobe (amino acids Phe3-Gly83), which is it is located near the highly variable 25/50 kDa loop of solvent-exposed, was averaged separately using a difthe motor domain, compared with its position in chicken ferent set of noncrystallographic symmetry operators skeletal S1, where it is found on the opposite side of than those used for most of the structure (see Experithe motor domain, interacting with another variable remental Procedures). The hinge point for this orientational gion, the N terminus. Note that the converter domain, variability between the ELC lobes is around residue although displaced by about 25 Å at its most distal point, Gly83. The first part of the N lobe, residues Phe3-Gly22, has similar interactions with neighboring domains in which includes the A helix (residues Phe3-Phe18), apthese two quite different myosin conformations. These pears to be very flexible, displaying high temperature interactions are mainly with the rigid relay loop confactors and poor density. In contrast, the loop between taining Trp512 on one side and with the ELC and the amino acids Val50 and Lys62, which was disordered in C-terminal ␣ helix of the heavy chain on the opposite chicken skeletal S1, is visible in the MDE structure. Part side ( Figures 7A and 7B ). The amino acids at the interof this loop is folded into a short, two-turn ␣ helix. In face between the relay loop and the converter are highly the scallop ELC (Xie et al., 1994) , this loop is shorter and does not have a helical portion.
conserved within the myosin superfamily. Structural In the MDE-AlF4 Ϫ structure, the motor domain is shown in yellow, the converter is white, and the ELC is blue. Note that the two chains are almost indistinguishable everywhere but diverge significantly in the positioning of their converter regions, resulting in a maximum displacement of about 10 Å at its most distal part. Note also that the movement of the converter is coupled with a small displacement of the loop containing Trp512. The final MDE-AlF 4 Ϫ model includes amino acids Ser2 to Lys204, Gln211 to Asp451, Ala458 to Leu634, and Phe656 to Ser821 of the heavy chain and Phe3 to Gly150 of the ELC.
mapping of the mutations that are implicated in familial (switch II region) and the converter-lever arm system ( Figures 7A and 7B) . Depending on the state of the nuclehypertrophic cardiomyopathy has shown that the converter and surrounding domains, the otide bound in the active site, the switch II region (Smith and Rayment, 1996b) can adopt at least two conformaactin-binding interface, and the nucleotide-binding site display the highest incidence of such mutations. Some tions, one represented by the structure of skeletal S1, and the other corresponding to the MDE-AlF4 Ϫ structure of the mutations affecting the converter and the residues that are in contact with it in the human ␤-cardiac myosin ( Figure 7A ). In the latter case, a conformational change takes place in the active site (described in detail in Fisher would correspond to positions Phe517, Gln728, Arg731, Glu735, Ala752, Asp789, and Thr793 in the chicken et al., 1995b) that produces a twist of the switch II ␤ strand around residue Asp465. Note that this ␤ strand smooth muscle sequence. In the MDE-AlF4 Ϫ and MDAlF 4 Ϫ structures, the interactions between the rigid reruns from the lower to the upper 50 kDa domain. As a result, the lower 50 kDa domain moves toward the upper lay loop and the converter include three salt bridges (Glu501/Arg724, Glu504/Lys773, and Glu511/Arg768) part of the 50 kDa domain, narrowing the actin-binding cleft by about 10Њ. The structural transition then pro-( Figure 7B ) and a hydrophobic cluster formed by the side chains of residues Tyr505, Ile510, Trp512, Phe721, gresses to the rigid relay loop containing the ATP-sensitive tryptophan 512 (Hiratsuka, 1992) and then to the Phe775, and Arg768. In addition, the side chain ␦-oxygens from Glu508 are hydrogen bonded to the backbone converter that is coupled by interactions with the loop. The converter (and in particular its most compact donitrogen atoms of residues Gln771 and Ser772. The Trp512-containing loop ( Figure 7A ) is also unusual. Demain from Phe721 to Arg777) is the unique structural element connecting the rigid relay loop with the lever spite its considerable length, it displays high sequence conservation among different myosins. This loop also arm. The ␣ helix Phe727 to Glu735 of the converter domain is in contact with residues Gly99 to Glu107 of seems to move as a rigid body-more like a compact domain than a flexible loop. Internal electrostatic interthe ELC. Because of the mechanical advantage produced by the elements of this relay system, the conactions, as well as a second hydrophobic cluster further down the loop formed by the side chains of residues verter not only transmits the conformational transition from the active site and the rigid relay loop to the lever Phe498, Phe517, and Ile716 (at the interface between the loop and the SH1 helix), contribute to its rigidity.
arm, but in so doing, amplifies the movement. Moreover, since movements of the switch II region directly affect This rigid relay loop appears to have a critical function in the myosin energy transduction mechanism. Note that the degree of opening of the actin-binding cleft, it appears that both the position of the converter and the it is the major coupling element between the active site Part of the converter region is also seen (white). The area of interaction includes the following segments: Met140-His147, Ser163-Asp170, Ala198-Lys204, Phe256-Tyr261 of the heavy chain, and Asp96-Ile138 of the ELC (which includes the F and G helices of the ELC). In particular, the negatively charged G helix of the ELC (containing four glutamic acid residues) is contacting the positively charged 25/50 kDa loop of the motor domain (which contains three lysine residues). Based on this structure, however, the extent of this interaction cannot be fully described, since the 25/50 kDa loop is partially disordered (six residues are missing in between Lys204 and Gln211).
conformation of this cleft are coupled. Correspondingly, group under different solvent conditions (unpublished data). Correspondingly, we could not obtain either the weak and strong actin-binding states probably have distinct conformations for both regions of the molecule. MDE-BeF x or MDE-AlF 4 Ϫ crystals using the conditions appropriate for producing the MDE-ADP or nucleotidefree MDE crystals.
X-Ray Structure of a Motor Domain-Essential Light Chain Complex with MgADP·BeFx in the Active Site
The current resolution of the MDE structures does not permit a detailed description of the interactions with the Crystals of smooth muscle MDE with bound MgADP· BeFx (MDE-BeFx) are isomorphous with those of the nucleotide analogs in the active site (see Experimental Procedures). The cross-validated average coordinate MDE-AlF4 Ϫ complex. The MDE-BeFx structure was determined and refined independently to 3.62 Å resolution error of the MDE structures is estimated to be between 0.60 Å and 0.70 Å . The substrates in both MDE structures in a similar manner as that of the MDE-AlF 4 Ϫ complex (see Experimental Procedures and Table 1 ). At the cur-(including an ADP molecule, the Mg 2ϩ ion, the ␥-phosphate analog, and two water molecules) were refined rent resolution, these two structures are almost indistinguishable, and most of the description in the previous as a rigid body based on their conformations in the higher resolution Dictyostelium structures (2.0 Å for section also applies to MDE-BeF x . Using phases obtained from the refined coordinates of the two MDE-ADP-BeF x complex and 2.6 Å for ADP-AlF 4 Ϫ complex [Fisher et al., 1995b] ). Given the striking similarity of the nucleotide complexes and observed structure factor amplitudes from four different data sets (two for each active sites among these structures, this is probably a more accurate procedure than attempting atomic refinecrystal complex), Fourier difference maps were calculated. Maps with structure factor amplitudes from the ment of the substrate at 3.5 Å resolution or lower. Fourfold averaged electron density maps (calculated after same nucleotide do not show any significant density peak around the nucleotide; however, maps calculated omitting the nucleotide as well as all the residues within 5 Å from the ␥-phosphate analog) show that the conforwith coefficients |FAlF Ϫ FBeF|exp(i␣model) showed the highest difference peak, appearing exactly at the position mation at the active site, and in particular that of the switch II, are very similar for MDE-AlF 4 Ϫ and MDE-BeF x . of the ␥-phosphate. This finding confirms that different substrates are bound to these crystals. Moreover, the Figure 8 illustrates the quality of the electron density of the nucleotide at the active site in the MDE-BeF x MDE in the absence of nucleotide or with MgADP bound at the active site (i.e., in both cases, the ␥-phosphate structure. This finding suggests that the myosin active site position is unoccupied) crystallizes in a different space Ϫ or MgADP· BeF x bound at the active site) and the end of the power stroke (represented by the structure of the nucleotide-free chicken skeletal S1). The motor domains from the two structures were first superimposed as described in Experimental Procedures. In the figure, the motor domain (up to the hinge point Gly709) is shown only for the MDE structure (yellow; see also Figure 3 ). After Gly709, the two structures diverge at an angle of about 70Њ. Following the same color scheme used in Figure 3 , the C-terminal part of the heavy chain (starting from Gly709) of skeletal S1 is magenta, and that of the MDE structure is pink. The ELCs are blue in both structures. In the rigor S1 structure, the ELC is in contact with the N terminus of the heavy chain, while in the MDE-AlF 4 Ϫ structure, the G helix of the ELC is in contact with the 25/50 kDa loop. The RLC is red in the lever arm of nucleotide-free chicken skeletal S1. Since the MDE construct lacks the RLC, we show here a model (cyan) obtained by superimposing the ELC and the C-terminal helix of the heavy chain from nucleotide-free chicken skeletal S1 onto the corresponding amino acids of the MDE-AlF 4 Ϫ structure. The resulting distance between the ends of the two lever arm conformations is about 12 nm. Changes in orientation of the lever arm are also coupled with changes in the active site switch II region and the actinbinding cleft not shown in this figure (but see Figure 7A ). senses the presence of these two ␥-phosphate analogs this view (reviewed by Block, 1996) , but direct confirmation that this transition occurs has been difficult to obsimilarly. Indeed, superimposition of the MDE-AlF 4 Ϫ and MDE-BeF x structures shows that the adenosine, the ritain. The only position of the lever arm previously reported from crystallographic studies is that observed bose, and the ␣-and ␤-phosphates of these nucleotide complexes adopt almost identical locations in the active with nucleotide-free skeletal muscle S1 (Rayment et al., 1993a) . The structures of the smooth muscle motor dosite. The three fluorine ligands of the BeFx are also very close to three (out of the four) fluorine ligands of the main-essential light chain complex (MDE) described here provide direct evidence for a second orientation MDE-AlF4 Ϫ . As a result, both states seem to have the same potential to form a hydrogen bond between of the lever arm of myosin, which is likely to be that of the pre-power stroke. the amide hydrogen of Gly468 (from switch II) and one of the fluoride ligands of the beryllium or aluminum anaWhat is the evidence that these two crystal structures correspond to the pre-power stroke (smooth MDE) and logs. This bond appears to be the single most important interaction determining the conformation of switch II.
the end of the power stroke (skeletal S1)? It is striking that the position of the converter region, and the partially Accordingly, the degree of opening of the actin-binding cleft, the position of the converter, and that of the lever closed conformation of the 50 kDa cleft, are similar for both vertebrate smooth muscle MD and Dictyostelium arm in both complexes correspond to the pre-power stroke conformation. Because of the low resolution of MD with transition state analogs bound at the active site. The fact that two myosin isoforms that were crystallized the MDE-BeFx structure, the position of these large domains provides the strongest evidence for this conunder different conditions show the same structure strongly supports the idea that this is the cross-bridge clusion.
conformation of the pre-power stroke state that occurs prior to rebinding to actin and subsequent phosphate Discussion release. The Dictyostelium MD structure could not reveal, however, to what extent the ELC would perturb Movement of the Lever Arm during the Power Stroke A swinging movement of the lever arm while the motor the position of the converter region, and hence the position of the lever arm (Fisher et al., 1995b ). Here we domain remains bound to actin in a relatively fixed orientation is believed to be the basis by which actin moveresolve this issue by showing that the presence of the ELC changes the position of the converter, and hence ment is powered by myosin. Much indirect data support Figure 7 . Illustration of the Coupling Pathway from the Active Site Switch II to the Lever Arm (A) C␣ trace of the polypeptide chain between the switch II ␤ strand in the active site and the rigid relay loop containing Trp512. Only two conformations of the switch have been observed thus far: one (yellow) likely to be the active conformation seen in the smooth and Dictyostelium transition state structures as well as in the smooth MDE-BeF x structure (an ATP analog), and a second (inactive conformation) seen in the nucleotide-free skeletal S1 structure (dark magenta). The two conformations start to diverge around residue Asp465, resulting in a reorganization of the ␥-phosphate site and partial closure of the actin-binding cleft (in the active conformation). The "activation" of the ATPase site also induces a change in orientation of the Trp512 loop, which in turn changes the position of the converter. (B) Interactions between the converter (white) and the rigid relay loop containing Trp512 on one side and the ELC on the other side (as seen in the two MDE structures). The rest of the heavy chain is yellow and the ELC is blue. Note that the amino acids between Phe721 and Arg777 form a separate compact domain within the converter, which is inserted between the SH1 and the C-terminal helices of the heavy chain, interrupting the continuity between these two helices.
that of the lever arm, by ‫01ف‬Њ, although the overall consize. If the displacement is analyzed using a myosin formation of the MD is similar in constructs with or withdocking model derived by cryo-electron microscopy out this subunit. Moreover, the smooth MDE structure (Rayment et al., 1993b) , we find that the component of provides direct evidence that changes induced by nuthe displacement parallel to the long axis of the thin cleotide binding at the active site are propagated-by filament is ‫01ف‬ nm. Recent laser trap measurements of way of the rigid relay loop containing Trp512 and the the unitary displacement produced by single-headed converter-to the lever arm.
myosin II fragments differ significantly, with values rangThere is good evidence to support the view that the ing from 4 nm (Guilford et al., 1998) to as much as 15 post-power stroke, or rigor state, resembles that seen nm (Ishijima et al., 1998) . Our results here suggest that in the crystal structure of nucleotide-free skeletal S1. the crystallographic structures would be consistent with Despite the presence of a sulfate ion bound in the active a potential displacement of about 10 nm, but this figure site, this structure can be docked reasonably well into is highly dependent on the relative orientation of the the low-resolution maps of F-actin decorated with numyosin heads with respect to the actin filaments. cleotide-free S1 obtained by cryo-electron microscopy (Rayment et al., 1993b; Holmes, 1997) . These images Strong and Weak Actin-Binding States show the classical down-pointing "arrowhead" position
The crystallographic data obtained with the truncated for the lever arm.
head of Dictyostelium myosin raise questions concernAccepting the premise that these two lever arm posiing the relationship between the MD conformation and tions obtained in the absence of actin correspond to the nature of the bound nucleotide. The Dictyostelium the beginning and the end of the power stroke, what is MD with transition state analogs (MgADP·AlF 4 Ϫ and the potential distance that actin can be displaced during MgADP·VO 4) at the active site binds weakly to actin a single stroke? Since the smooth MDE lacks the regulaand shows one conformation. A second conformation tory light chain, its position was estimated by superimis seen with MgADP·BeF x (an ATP analog), MgATP␥S, posing the lever arm from the skeletal S1 structure with MgAMPPNP, and MgADP (Fisher et al., 1995b ; Gulick the truncated lever arm of the MDE-AlF4 Ϫ structure. The et al., 1997). Skeletal S1 with no nucleotide also has stable central ␤ strands of the motor domain of skeletal the structure typical of the latter class (Rayment et al., S1 were then superimposed onto that of the MDE-AlF 4 Ϫ 1993a). A puzzling finding is that within this second structure (Figure 6 ). The resulting distance between the structural class, there are MD-nucleotide complexes ends of the lever arm in the two conformations is ‫21ف‬ that bind strongly to actin (no nucleotide, MgADP, and nm. This figure, however, is likely to be an upper estiperhaps MgAMPPNP), and others that bind weakly mate, since the lever arm swing has a significant azimuthal component that does not contribute to the step (MgADP·BeF x and MgATP␥S). These results led Gulick et This bonding arrangement in the active site causes the partial closure of the actin cleft and the large conformational changes of the converter and the lever arm ( Figures 7A and 7B ). In contrast, this movement of switch II does not occur in the structures with a more open actin-binding cleft, and the ␥-phosphate pocket has a different "open" liganding that probably facilitates ␥-phosphate release through the 50 kDa cleft (the socalled "back door") (Yount et al., 1995) . These observations support the view that it is the closed conformation of the actin cleft that is adopted by states that bind weakly to actin (Fisher et al., 1995a; Holmes, 1997 Trp512 in the rigid relay loop increases in intensity during
The 4-fold averaged map was calculated and contoured as described in the legend to Figure 2 , using all the data between 10.0 both the hydrolysis step and the MgATP binding step Å and 3.6 Å . (Johnson and Taylor, 1978) . This finding implies that the environment of this tryptophan differs in the nucleotidefree, the MgATP, and the MgADP·Pi states, although al. (1997) to suggest that Dictyostelium MD-nucleotide these changes need not be coupled to changes in the complexes that are tightly bound to actin during the lever arm orientation. Preliminary data show that smooth contractile cycle may have different structures in the MDE without nucleotide or with MgADP crystallize under absence of bound actin. In contrast, our structural data similar conditions, which differ from those used for the show that the smooth MDE construct (which contains states that bind weakly to actin. The space group symthe ELC) adopts the same conformation when commetry for the crystals of the weak and strong binding plexed with two analogs that produce weak binding to MDE conformations also differ (unpublished data), and actin: MgADP·BeF x (an ATP analog) and MgADP·AlF 4 Ϫ thus we anticipate that their structures will be distinct.
(an ADP·Pi analog). These results raise the possibility Note that in the G proteins, which show significant sethat MgATP binding, and not MgATP hydrolysis, primes quence and structural similarities to myosin in their acthe lever arm for the power stroke.
tive sites (Smith and Rayment, 1996b; Vale, 1996) , the It is also possible that the two weak-binding Dictyotrinucleotide-bound states also show a similar conforstelium MD complexes (MD-BeF x and MD-ATP␥S), demation that differs from that of the dinucleotide-bound pending on the precise construct, can exist in more than state (MgGDP). one conformation, since they lack the stabilization from the ELC. In agreement with this possibility, a preliminary Motor Domain-Essential Light Chain Interactions report of a crystal structure of a Dictyostelium MD-BeFx
As the lever arm swings from one position (smooth construct that is seven amino acids shorter than that MDE-AlF4 Ϫ ) to the other (skeletal S1), the interactions crystallized by Rayment and colleagues displays the of the ELC with the converter are largely unchanged. same converter orientation and degree of cleft closure
The ELC and the motor domain are involved, however, as the smooth MDE-BeF x structure and the Dictyostein other interactions that are different in the two lever arm lium MgADP·AlF 4 Ϫ and MgADP·VO 4 structures (Holmes, orientations. In the MDE structure, negatively charged 1998). If there are multiple ATP states in MD constructs, residues from helix G of the ELC interact with positively then hydrolysis of ATP would be required to lock the charged residues from the 25/50 kDa loop at the enlever arm into the pre-power stroke conformation.
trance to the nucleotide-binding cleft (see Figures 5 and These studies are also revealing about the structural 6). Spudich (1994) proposed the provocative hypothesis basis of ATP hydrolysis. In fact, the conformation of the that this highly variable surface loop controls the rate MD in the two weak-binding Dictyostelium structures of ADP release and hence is responsible for the different (MgADP·BeFx or MgATP␥S) is inconsistent with the hyspeeds of actin movement by different myosin isoforms. drolysis of MgATP, since MgATP␥S, which would be Vertebrate smooth muscle has two natural isoforms of expected to be slowly hydrolyzed, remains uncleaved this loop that differ by a seven amino acid insert. Myosin in the crystals (Gulick et al., 1997) . This finding implies from fast, phasic smooth muscles contain the insert, that in order for MgATP hydrolysis to take place, a rewhile myosins from tonic, slow smooth muscles do not. arrangement of the active site around the substrate
The presence of this insert has been shown to be suffi-␥-phosphate position is necessary. Such a rearrangecient to double both ATPase activity and the rate of in ment in the switch II ␤ strand is observed in the smooth vitro motility (Rovner et al., 1997) . This work has recently MDE-BeF x structure, as well as in the Dictyostelium and been extended to show that there is a correlation besmooth MD transition state structures ( Figure 7A ). As tween the size and flexibility of this loop and the speed described in Results, AlF 4 Ϫ and BeF x have a closely of ADP release (Sweeney et al., 1998) . Moreover, mutation of the three Lys residues to Asp in the loop caused related liganding at the active site in these constructs. a 3-to 4-fold reduction in both the rate of motility and with functional studies are thus beginning to reveal some of the ways in which a relatively conserved molecular ADP release and a 1.5-fold decrease in ATPase activity. From these results and the structural findings, it appears motor is designed for specialized functions. that the charge interactions between the ELC and the 25/50 kDa loop that exist in the pre-power stroke state Experimental Procedures may favorably influence some of the steps associated
Cloning and Expression
with nucleotide release. Perhaps the charge interactions Recombinant baculovirus was isolated by conventional protocols stabilize the conformation that must initially bind to actin (O'Reilly et al., 1992) . For expression of the motor domain-essential in preparation for the power stroke.
light chain complex, Sf9 cells in suspension culture were coinfected
In the nucleotide-free skeletal S1 structure, the ELC with two recombinant viral stocks, one coding for the heavy chain has swung to the other side of the motor domain, and (amino acids 1-Leu819) and one coding for the essential light chain. For the shorter motor domain construct (amino acids 1-Leu790), helix F of the ELC appears to contact the helix-comprisonly one viral stock was used for infection. Heavy chain constructs ing residues Glu21-Asn29 of the N terminus. Like the were cloned with a FLAG-tag (DYKDDDDK) at the C terminus to 25/50 kDa junction, this is another highly variable region facilitate purification. The cells were harvested at 65-75 hr and the of myosin. In some myosins (e.g., those of class I), the recombinant proteins isolated on an anti-FLAG affinity column (Inter- entire N-terminal region, including the SH3 domain, is national Biotechnologies Inc.).
missing. Since this N-terminal domain limits the degree to which the lever arm can swing following product reCrystallization, Data Collection, and Processing Crystals of the smooth muscle myosin MD with bound MgADP·AlF 4 Ϫ lease, the lever arm could potentially swing into a differwere obtained at 4ЊC by microseeding sitting drops that contained ent position at the end of the power stroke in these a mixture of 12% polyethylene glycol 8000, 150 mM CaCl 2 , 100 mM myosins compared to those of class II, which might Imidazole (pH 6.8), and 10 mg/ml of the protein/nucleotide complex. result in different step sizes for equal lever arm lengths.
In order to prepare the complex, the protein was first mixed with 2 Consistent with this idea, image reconstruction has mM MgADP, 2 mM Al(NO3)3, and 8 mM NaF. The needle-shaped shown that the ADP-dependent angular swing of brush crystals (typical dimensions, 0.15 ϫ 0.15 ϫ 1.5 mm) belong to the monoclinic P 2 space group with unit cell dimensions a ϭ 134.0 Å , border myosin I bound to actin is about 50% greater b ϭ 107.7 Å , c ϭ 188.3 Å , and ␤ ϭ 90.7Њ. Using 25% polyethylene than that observed with smooth muscle S1 (Jontes and glycol 200 as a cryoprotectant, a data set was collected from one Milligan, 1997) .
of these crystals to a resolution of 2.9 Å at 100K (CHESS beamline These structural results indicate that the ELC, and F1, ϭ 0.90 Å ). The MDE crystals with either MgADP·AlF4 Ϫ or indeed the lever arm itself, is not merely a passive meMgADP·BeFx bound at the active site grew at 4ЊC from hanging chanical device as might be inferred from experiments drops containing a mixture of 1.8 M ammonium sulfate, 100 mM HEPES (pH 7.2), and 10 mg/ml of the protein/nucleotide complex.
in which the lever arm was substituted with different
The complexes were prepared as described above for the MD with numbers of ␣-actinin repeats (Anson et al., 1996) . Sevthe exception that 2 mM beryllium (SIGMA) was added [instead of eral other studies support the idea that the ELC plays the data sets were indexed and scaled using programs DENZO and phic cardiomyopathy, many of which are located in the SCALEPACK from the HKL package (Otwinowski and Minor, 1993) converter region and in the ELC of human ␤-cardiac (Table 1) .
myosin , reduce force output and cause a compensatory hypertrophy of the heart.
Structure Determination Refinement and Model Quality
Molecular replacement solutions were found with the program AMoRE (Navaza, 1994) for six independent molecules in the asym- with different bound nucleotides. In all these studies, a
The nucleotide analog (including one ADP molecule, an Mg 2ϩ ion, the key piece of information that is lacking is how the binding ␥-phosphate analog, and two water molecules) was only included at of actin affects myosin's conformation. The current the final steps of the refinement and fitted in the electron density maps as a rigid body. The final refinement converged to an R factor of structural results show that the motions of the lever arm 23.2% and R free 29.1% and good stereochemistry as judged with may be modulated by differences in the domains in the the programs PROCHECK (Laskowski et al., 1993) and X-PLOR motor, as well as by differences in the lever arm itself. (Brü nger, 1992) (Table 1) .
Moreover, mutational studies of the variable surface indicate that these regions can modulate myosin's enzyusing the smooth MD-AlF4 Ϫ structure as a search model (but excluding the converter domain). Four independent molecules were matic and motile properties. Structural data combined
